1. Introduction ASIC studies on the dream airplane of the 21st century-the space plane-have begun. The de velopment of a space plane faces a mountainous degree of technical challenges especially in the de velopment of a super thermal resistant material for use in the outer body and propulsion system. These are considered to be the most important fundamental technological problems. Considering the severity of the anticipation of thermal environment during the space flight the use of ceramic composites becomes a necessity.
In recent years many studies have been under taken to develop ceramics based composite materi als. Usual ceramic based composite material is com posed of a ceramic matrix and a dispersion phase of either ceramics or metal and is designed to use su perior characteristics of each of these materials. Usual ceramic composites contain dispersion phase with the size in the order of micrometers, however, more recently the ceramic composites having the dis persion phase with the size in the order of nanometer (ceramic nanocomposites) have been receiving more attention in an effort to improve the various properties of composite materials. 1) These composite materials including nanocompo sites possess evenly dispersed dispersion phase. For this reason the resulting property is very homogene ous (homogeneous functional material). Considering the space environment or the severe thermal stress condition during the re-entry, usual composite material will fail to withstand such a severe environ ment, thus, the need of new material becomes evident. 2) In order to meet this need, a development of Func tionally Gradient Materials (FGMs) having a com positional gradient from one surface of the material to the other has been initiated. In the functionally gradient material, the concentration of the disper sion phase is gradually varied to obtain the ability to better relax thermal stress as well as the ability to control thermal barrier characteristics. 3) This paper reviews the research activities on the Functionally Gradient Materials which are consi dered to be the future new composite materials that possess various functions simultaneously as illustrat ed by the ability to handle both thermal stress relaxa tion and thermal barrier characteristics. Figure 1 illustrates the functional and composition Nippon Seramikkusu Kyokai Gakujutsu Ronbunshi (Journal of The Ceramic Society of Japan) The Centennial Memorial Issue 99 [10] 1991 1003 al differences between "Functionally Gradient Material" (FGM) and "Homogeneous Function Material".3) As stated in the earlier paragraphs FGM has a gradual change in dispersion concentration wi thin the given material. For the purpose of attaining a superior thermal stress relaxation property, a material possessing both high oxidation resistance and thermal shock resistance is highly desirable . One way to obtain such a unique material is to pre pare compositionally gradient material composed of ceramic-ceramic or ceramic-metal. A very difficult task of obtaining a multifunctional material from a single source material can become an obvious objec tive when various materials with differed properties are combined to yield a compositionally gradient material. Table 2 , the gaseous method allows to obtain the required material in the form of a film or a plate directly without going through the process of melting or sin tering. The gaseous approach is also one of the easi est ways to control the concentration of dispersion phase in the direction of material thickness. Sinter ing technique, however, allows one to obtain a bulk material. The self heating system (SHS) is charac terized by the easy sintering of bulk material in rela tively short time period. 3. Strategy of FGM development The thermal resistant material for use in the space plane must endure a high temperature oxidizing en vironment and at the same time it must be able to withstand a high degree of thermal stress related with its own ability to be a thermal barrier. The first step in the study of developing such thermal barrier material is to prepare a composite material by com bining various different material, and study its ther mal as well as mechanical properties. Following this step, it is necessary to obtain a preliminary design of a composite material that possess the desired charac teristics with the help of an inverse design system.6) Figure 2 describes the flow chart of this design proce dure. This system calculates an optimum composi tional distribution for a material in providing the maximum functional merit under a given severe en vironment condition based on the thermal and mechanical properties of a homogeneous composite material (non-gradient material) having a certain composition ratio. Based on these calculations a func tionally gradient material which excels in providing a thermal relaxation can be prepared by various methods. Inverse design procedure for FGM.6) pre-determined compositional distribution. After compressing into a form, the sample is sintered for one hour in a vacuum at the temperature of 1623K. This sintering temperature is determined after ex amining the melting point of SUS304 and the shrink age rate of ZrO2 at sintering (Fig. 4) . A ZrO2/ SUS304 compositionally gradient cylinder with 8 mm in diameter, 20mm in height and compositional ly graded layer thickness of 4mm has been fabricat ed with its composition optimized to give a superior thermal stress resistance. Figure 5 shows the cross sectional micrograph of this ZrO2/SUS304 composi tionally gradient material. As the amount of SUS304 added to PSZ matrix is increased a skeleton struc ture having both PSZ and SUS304 as a matrix is de veloped at the middle of the composition. Figure 6 compares the axial direction thermal stress distribution for a directly bonded PSZ and SUS304 and a compositionally gradient cylinder. For the case of the directly bonded sample one can observe two different types of stresses at either side of the bonding boundaries, a tensile stress exceeding its own strength limit is found at the ceramic side while at the metal side a compressive stress. Con trasting to this type of stress distribution a con trolled compositional gradient shows overall reduc tion of concentrated stress, and the maximum stress in the axial direction is reduced to about one half of that of the directly bonded material (Fig. 6 ). This material has an excellent thermal protection charac teristics due to the introduction of low thermal-con ductive material ZrO2. 
Concept of functionally gradient materials

TiB2/Cu FGM (SHS)9)
Various thermal stress analyses are conducted on the type of TiB2/Cu FGM. As a possible application in combustion nozzle an infinite cylinder in the thick ness of 10mm and inner radius of 95mm is tested for its stress response under zero axial stress but fac ing temperature of 1500K at the inner wall of the cylinder and 300K at the outer wall. 4.3 ZrO2 (8%Y2O3)/NiCrAlY FGM (plasma spraying)10) By plasma spraying technique ZrO2 (8%Y2O3)/ NiCrAlY FGM of thickness 0.4mm was prepared on SUS310 substrate. ZrO2 (8%Y2O3) and NiCrAlY powders are carried into the system by Ar gas using a separate torch for each powder. Figure 9 shows hardness values tested on the FGM cross-section. The hardness increases with increasing ZrO2 (8%Y2 O 3) content. The voids in this gradient film decrease with an increase of current density at spraying with the increase of ZrO2 (8%Y2O3) content in the film both thermal expansion coefficient and thermal diffu sion rate decreases. The thermal shock resistance characteristics of this material is being studied by use of a laser. In comparison with a single phase coat ing material, the ZrO2 (8%Y2O3)/NiCrAlY FGM coated material is reported to show less amount of acoustic emission (AE) at laser heating and has a su perior thermal shock resistance.
4.4 TiN/Ti FGM (PVD)11) Metallic Ti is vaporized by use of an ion plating ap paratus equipped with hollow cathodes. N2 gas is then introduced into this vapor to form a TiN-Ti mul ti-layered film on metallic Ti and Cu substrate. The required gradient nature is obtained by further heat treating the thus obtained sample. Ti2N is formed ac companing with an increase of the compositionally graded area.
Using metallic Ti as the vaporization source and by hollow-cathode discharge using Ar and C2H2 gases, some TiC/Ti compositionally gradient film is prepared on carbon steel (carbon concentration, 0.44 mass%) and metallic Ti substrates. By varying C2H2 gas flow rate, the Ti/C ratio in the film is con trolled. This multi-layered film is heat-treated together with the substrate for 35 hours in the vacu um at the temperature of 1123K. A gradient charac ter was appeared by means of this diffusion process. Figure 10 shows the results of a thermal stability study conducted on the TiC/Ti compositionally gradient film obtained on a carbon steel substrate. Just as for Ti-TiC-Ti multi-layered film the gradient nature disappears at a high temperature due to the dispersion of C from carbon steel to the film thus achieving a uniform C concentration. In this way the compositionally gradient TiC/Ti film is relatively sta ble when its substrate is Ti, however, the stability de teriorates when a carbon steel is used for substrate. These results imply that the compositionally gradient nature can be strongly influenced by the choice of substrate.
4.5 SiC/TiC FGM (CVD)12),13) Adding an oxidation resistance property on to C-C composites having a high relative strength as an ob jective direct coating of SiC on this C-C composite substrate has been attempted. However, this at tempt often faces the destruction of SiC film due to the thermal cycle. Therefore, TiC is coated as an in termediate layer by PVD and CVD techniques.
After coating TiC (CVD) or Ti-TiC mixed layer (PVD) onto the C-C composite as an intermediate layer an SiC layer is coated and subsequent tests on oxidation resistance have been conducted. By the in troduction of TiC as an intermediate layer a sig nificant amount of improvement in the oxidation resistance has been observed.12) SiC/TiC FGM is also considered to be a useful material for an apparatus of the thermal decomposi tion cycle of water (UT-3).13) In this cycle a materi al is needed which can withstand Br2-O2 environ ment at the temperature over 1273K. For this pur pose a ceramic coating on SUS304 has been attempt ed. The anti-corrosion property can improve marked ly even when only TiC is coated on SUS304, however, the existence of microcracks in the TiC film causes corrosions to take place. The develop ment of TiC/SiC FGM coated TiC film was conduct ed to overcome this problem. The resulting samples are reported to have excellent thermal stress relaxa tion property as well as improved corrosion resistance. Fig. 12 . Distributions of stress, temperature, ratio (strength/ stress) and Young's modulus in SiC/C FGM.14) (1) temperature, (2) Young's modulus, (3) stress, (4) ratio (strength/stress) Fig. 13 . Suitable compositional distribution of SiC/C FGM.14)
4.6 SiC/C FGM (CVD)14),15) A design of SiC/C system FGM is being conduct ed taking advantage of the high oxidation resistance and high temperature strength of SiC as use in high temperature side of the material, and for low temper ature side use of C having a low Young's modulus and high thermal shock resistance is considered. Thermal stress calculations have been made under the assumptions that 1mm depth from the inner sur face is an SiC single phase and 1mm to 10mm the composition changes from SiC to C. Under a temper ature gradient a condition was set so that the ratio of material strength and the internal stress is than uni ty, and stress distribution, temperature distribution, and Young's modulus were calculated under this con dition. The results are shown in Fig. 12 . According to the calculation the thermal stress generated wi thin FGM can be reduced to nearly a sixth by creat ing a compositionally gradient structure. Figure 13 (Journal of The Ceramic Society of Japan)
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The SiC/C FGM is fabricated as follows: SiCl4-CH4-H2 gas is used as a starting material, and a hotwall type CVD reactor is used. The deposition tem perature (Tdep) were 1673K and 1773K, and under the total gas pressure (Ptot) of 1.3kPa the total of 9 ks was used for deposition time. Figure 14 shows the compositional change of starting gas with deposi tion time. Figure 15 shows the compositional distribution for SiC/C FGM. At every Tdep a high Si supplying pattern A is thicker than either pattern B or C. For low Si supplying pattern C the film thickness of SiC-C was quite low and compositionally gradient charac teristics was not realized. The sample deposited at 1773K, 1.3kPa (Fig. 15 (1) ) under pattern A (a) showed many voids throughout the film. The sample prepared at 1673K, 1.3kPa under pattern B (b) showed voids near the substrate. The samples closest to the calculated minimum stress composi tion was that formed at 1773K-1.3kPa
(pattern B) and that of 1673K-1.3kPa (pattern A). ing material using different dispenser for each material a plate-like or rod-like FGM having composi tional gradient in the direction of both thickness direction and surface direction has been fabricated. This FGM was the first of its type having 3 dimen sional gradient characteristics. The electric current voltage relationship of this FGM is shown in Fig. 18 . By applying just 11 volts one can obtain 17mmsec-1 response speed, and this material is regarded as an excellent material for use in a high quality actuator. Fig. 19 . Microprobe analysis of a Ni/Cu/Ni FGM with a sym metrical composition change. 17) 4.8 Ni/Cu FGM (electroforming)17) As one of a new fabrication techniques for FGM a method to use the plating under an electrical field in a solution has been proposed. This technique uses electrically conductive polymer as a cathode and mul tiple anodes consisting of metallic foil with differed composition. The pulsating current is applied be tween these two electrodes by means of computer control to produce an alloy film having a desired com position distribution. Especially, Ni-Cu not only has a simple constitutional diagram but also it can totally solidfy. Figure 19 shows a compositional distribu tion of Ni/Cu/Ni FGM having a symmetrical compo sition distribution. One can see by controlling the ap plied current density desired composition can be ob tained. The thermal, mechanical, and physical properties of these materials are currently under in vestigation.
5. Evaluation of SiC/C FGM 5.1 Thermal barrier characteristics of SiC/C FGM18) A schematic of test apparatus is shown in Fig. 20 . As a heat source in heating one side of sample sur face a Xenon arc lamp with the maximum input pow er of 30kW is used. The other side of the sample sur face was cooled through the sample holder made of copper by use of liquid nitrogen. The vacuum bell jar was kept at pressure below 1Pa. The thermal barri er characteristics of the sample under this type of forced temperature difference was studied. The heat flow rate was about 0.7MWm-2. The sample sur face temperature was measured by a radiation ther mometer (infrared thermometer) and the tempera ture of the opposite side was measured by a ther mocouple. The sample size was 30mm in diameter, and the sample was fixed on the sample holder fixed with a uniform load. In order to measure the heat flow through the sample holder three thermocouples were imbedded at equal distances along the central axis of the table. Effective thermal conductivity (Keff) as an aim of thermal barrier characteristics was measured under a steady-state heating condition. For SiC non-FGM (SiC coated graphite, SiC NFGM) some cracks were observed at the boundary between SiC film and the substrate after 40 repeated heating cycles placing the top surface at 1700-1150 K and the bottom surface at 1200-900K in the vacu um. These cracks may have been generated by ther mal fatigue phenomenon due to the repeated heat ing. In contrast, SiC/C FGM showed absolutely no change, and obtained very good test results. Figure  21 gives variation of effective thermal conductivity with cycle time obtained for cyclically heated test samples. Under the test conditions described above the SiC NFGM showed a rapid decrease of Keff after 40 cyclic heatings but SiC/C FGM showed practical ly no change with the cycle time. Figure 22 shows SEM view of the cross-sectional surface of these two samples after a repeated heating cycle. For SiC NFGM many cracks are observed on the SiC film at the boundaries of SiC film and the substrate. As men tioned earlier these cracks are considered to be a result of thermal fatigue due to the repeated heating.
5.2 Thermal shock resistance of SiC/C FGM19), 20) The evaluation of thermal shock resistance for SiC NFGM and SiC/C FGM samples were made by use of 5kW CO2 laser (Mitsubishi-ML50C). A schemat ic of this setup is shown in Fig. 23 . Figure 24 shows a relationship between laser pow er density and temperature difference within CVD film obtained by calculations. The laser power densi ty value where cracks start to show on SiC NFGM was at 5.8MWm-2 while for SiC/C FGM it was at a much higher value of 7.4MWm-2. Also, when the thickness of SiC/C FGM increased from 0.8mm to 1.8mm the temperature difference in the film also in creased from 390K to 560K. The laser power densi ty where cracks begin to develop was about 7.4 MWm-2 for both FGM samples. These cracks were found at the outer perimeter of sample where there is no direct laser beam exposure for both SiC NFGM and SiC/C FGM.
At the heat flux of 5.8MWm-2 the SiC NFGM (film thickness, 0.3mm) showed cracks (Fig. 25 (a) ). The sample bottom temperature for this case was 533K and the calculated top surface temperature was 1270K. Figure 25 (b) shows the SEM photo graph of SiC/C FGM (film thickness, 1.8mm) cracks generated at the heat flux of 7.4MWm-2. For both samples the cracks pierce through the SiC particles and these cracks are very much alike. Thus, these cracks must have been created by a simi lar mechanism for both cases. The bottom tempera ture of these samples were 403K and the top surface temperature was 2030K. (1) CO2 laser, (2) specimen,
stainless steel, (4) firebrick,
radiation thermometer, (6) thermocouple, In order to study mechanism of crack generation, calculation was made for a case of unsteady thermal stress application. The calculation was made at the laser power density of 5.8MWm-2
where SiC NFGM develops cracks, and the stress that develops on the surface of SiC NFGM (film thickness, 0.3 mm) and SiC/C FGM (film thickness, 1.8mm) were calculated after exposure to the laser for one second. Both SiC NFGM and SiC/C FGM showed practically zero stress in the axial direction, and thus, no detach ment of substrate and coating film is expected, in deed detachment was not observed in the test. Both SiC NFGM and SiC/C FGM showed a compressive stress in radial direction on the surface, and even at the portion where there was no laser exposure (where cracks start) the calculation showed the stress will not be a tensile. Figure 26 shows hoop stress at the sample sur face. As this figure shows clearly a tensile stress will develop at the portion where it was not irradiated by the laser. Especially, the SiC NFGM which deve loped some cracks under this condition can encoun ter a tensile stress of magnitude nearly equaling its fracture strength (650MPa). These cracks may have been developed due to the hoop stress. Also , SiC/C FGM can develop cracks when heat flux in creases to a higher value (7.4MWm-2) due to the hoop stress just as in the case of SiC NFGM.
Closing
Focusing on the FGM fabrication techniques presently under study a review on FGM especially, thermal stress relaxation type FGM and their proper ties were given.
The FGM research based on the idea of composi tional gradient is beginning to spread into the fields of mechanical, electrical, chemical, optical, nuclear and even biological applications. The functionally gradient material is already in the stage of practical uses as possible mechanical parts such as gears and pistons.21) The optical fiber is a functionally gradient material obtained by introducing the compositional distribution in the radial direction, and controlling the refractive indes. By doing this, very low optical loss is realized in wide wavelength range from the ultraviolet to the infrared. An important technologi cal problem in nuclear power generation is the de velopment of super long life reactor core material. This material must have not only a long life of more than 10 years but also have high temperature 
